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Introduction
The human immunodeficiency virus type 1 (HIV-1) is the etiological agent of the acquired immunodeficiency syndrome (AIDS). To infect its hosts, this retrovirus uses three key enzymes necessary in its life cycle: reverse transcriptase (RT), integrase (IN) and protease (PR). During its spread among humans, HIV-1 has exhibited an extraordinary degree of genetic variability mainly due to the error prone nature of the reverse transcriptase and to the high viral production and turnover rates (Sarafianos et al., 2004) . Among the different areas of the viral genome, the pol gene, encoding enzymes such as RT and PR, is subjected to not only natural evolutionary forces but also selective pressure imposed by pharmacological treatment (Condra et al., 1995; Eshleman et al., 2002; Wegner et al., 2000; Lecossier et al., 2005) . The variation within individuals has led to the generation of diverse HIV-1 subtypes complicating the development of effective drugs and vaccines. Presently, combinations of different inhibitors, called HAART (highly active antiretroviral therapy), are useful to inhibit such a moving target (Sarafianos et al., 2004) .
The HIV-1 RT is responsible for the conversion of the single stranded RNA genome into a double stranded DNA that is later integrated into the host genomic DNA. The enzyme is composed by two subunits, p66 and p51, which have the same N terminus (Wang et al., 1994) . The p66 subunit contains the active sites for both polymerase and RNase H, while the p51 primarily plays a structural role. Highly conserved regions of p66 act as a clamp in positioning the template-primer. The primer grip is responsible for the appropriate placement of the primer terminus at the polymerase active site and it is involved in translocation of the template-primer. Appropriate binding/positioning of the template-primer is also important for appropriate cleavage of the RNA-DNA substrate by the RNase H activity of RT (Kohlstaedt et al., 1992) .
Due to its essential role in HIV replication, RT is a major target for antiretroviral drug development (Parniak and SluisCremer, 2000) . More than half of the currently approved drugs for the treatment of HIV-1 infection are RT inhibitors. In particular, they consist of a group of seven nucleoside-analogue reverse transcriptase inhibitors (NRTIs: ZDV-zidovudine, d4T-stavudine, 3TC-lamivudine, ddI-didanosine, ABC-abacavir, ddC-zalcitabine, FTC-emtricitabine), one acyclic nucleoside monophosphate (TDFtenofovir), and four approved non-nucleoside analogue reverse transcriptase inhibitors (NNRTIs: NVP-nevirapine, EFV-efavirenz, DLV-delavirdine, ETV-etravirine). There also is a fifth forthcoming analogue (RPV-rilpivirine) (Parniak and Sluis-Cremer, 2000; De Clercq, 2004 , 2009 Balzarini, 2004) . Rilpivirine, also known as TMC278, is an investigational diarylpyrimidine non-nucleoside reverse transcriptase inhibitor (NNRTI) with a high genetic barrier to the development of resistance in vitro. It is being studied in ongoing Phase IIb and Phase III trials for the treatment of HIV infection in treatment-naive patients. Rilpivirine retained a 50% effective concentration against all of the following mutations: L100I, K103N, V106A, G190A, G190S, K101E, Y181C, Y188L, L100I + K103N, and K103N + Y181C. Eight mutations have been shown to be required to reduce susceptibility to RPV (Natap.org Conference Reports, 2005).
The reverse transcriptase (RT)
In the Protein Data Bank (PDB) (http://www.rcsb.org) there are several crystal structures of free, unbound HIV-1 RTs Rodgers et al., 1995) . The three-dimensional structure of the p66 subunit is often compared to a right hand, with fingers (amino acids 1-85 and 118-155), a palm (residues 86-117 and 156-237) and thumb (amino acids 238-318) domains (Kohlstaedt et al., 1992) . The polymerase active site with its three aspartic acid residues (110, 185 and 186) and the YMDD region (Y183-M184-D185-D186) is located into the palm domain. X-ray structures of RT co-crystallized with a conserved oligonucleotide and a dNTP (Huang et al., 1998) or double-stranded DNA (Jacobo-Molina et al., 1993) have highlighted that the nucleic acid passes into the cleft behind the fingers and in front of the thumb domain. The RNase H subdomain (amino acids 427-560), located next to the catalytic domain, makes contact with the connection domain (amino acids 319-426) also involved in interactions with the nucleic acid and the p51 subunit. Conformational perturbations occurring in an allosteric site, known as NNRTI-binding pocket (NNRTI-BP), can remarkably influence the polymerase activity of the catalytic triad. Crystallographic studies of HIV-1 RT have revealed important features of the enzymatic structure and function, including details of NNRTI binding. Although there are significant chemical differences between the first-generation NNRTIs, (tivirapine, loviride, and nevirapine), all three inhibitors bind to HIV-1 RT in the NNRTI-BP via a common binding mode defined as "butterfly-like" (Kohlstaedt et al., 1992; Ding et al., 1995) .
The NNRTI-BP is situated between the ␤6-␤10-␤9 and ␤12-␤13-␤14 sheets in the palm subdomain of the p66 subunit approximately 10Å away from the catalytic site. This cleft has a predominately hydrophobic nature with substantial aromatic character (Y181, Y188, F227, W229 and Y232) but also contains several hydrophilic residues (K101, K103, S105, D192 and E224 of the p66 subunit and E138 of the ␤7-␤8 loop of the p51 subunit). A possible solvent accessible entrance to the NNRTI-BP is located at the p66/p51 heterodimer interface surrounded by residues L100, K101, K103, V179 and Y181 of the p66 subunit and E138 of the p51 subunit Hsiou et al., 1996) . The NNRTI-BP is not present in structures of HIV-1 RT with no bound inhibitors; this "closed form" of the NNRTI-BP corresponds to a hydrophobic core and it can be expanded to permit NNRTI binding to RT. The NNRTI bound "open form" of the pocket might correspond to other states of RT required for viral replication. Expansion or opening of the NNRTI-BP region involves large displacements of Y181, Y188 and W229 aromatic side chains and a rotation of the ␤12-␤13-␤14 sheet, with a consequent shift of the "primer grip" Tantillo et al., 1994) . Moreover the NNRTI-BP is elastic and its conformation depends on the size and specific chemical structure and binding mode of the drug; the overall structure of RT is conformationally flexible according to the nature of the bound inhibitor.
Non-nucleoside reverse transcriptase inhibitors (NNRTIs)
The first NNRTI compounds described in 1989 were HEPT [1-(2-2-hydroxyethoxymethyl)-6-(phenylthio)thymine], but originally they were designed as NRTIs (Miyasaka et al., 1989) . Only later it was found that they would share a common mechanism of action with TIBO (tetrahydroimidazo[4, 5, [1,4]benzodiazepin-2(1H)-one and -thione) compounds, identified as potent and selective HIV-1 RT inhibitors (Kukla et al., 1991; Pauwels et al., 1990) . Over time several studies have been carried out to better understand the mechanisms by which NNRTIs inhibit the HIV-1 RT and HIV-1 replication; resolution of co-crystals of HIV-1 RT with different NNRTIs, enzyme inhibition kinetics, RT dimerization, and others have been performed (Sluis-Cremer and Tachedjian, 2008) . The binding of these inhibitors is known to induce a structural distortion in RT thus blocking its polymerase activity. In particular, the conformation of the RT catalytic site is impacted by NNRTI binding. The position of the YMDD motif is influenced especially by the D185 and D186 residues that coordinate the Mg 2+ ions in the active site , as well as that of the structural elements that form the "primer grip" .
Another major modification observed upon NNRTI binding is the decrease of thumb mobility in p66 subunit. This change could result in slowing or even preventing the translocation of the primer/template and the elongation of the nascent DNA strand (Kohlstaedt et al., 1992; Tachedjian and Goff, 2003; Tantillo et al., 1994) .
NNRTIs appear to interfere with different steps in the reverse transcriptase reaction. In particular some NNRTIs, such as efavirenz and the diarylpyrimidine derivatives dapivirine and etravirine, resulted as able to inhibit the late stages of HIV-1 replication by interfering with Gag-Pol polyprotein processing (Figueiredo et al., 2006) . Other compounds such as 1-(3-cyclopenten-1-yl)methyl-6-(3,5-dimethylbenzoyl)-5-ethyl-2,4 pyrimidinedione have been shown to inhibit both RT-mediated reverse transcription and viral entry (Buckheit et al., 2007) . Recently Grobler et al. (2007) demonstrated that in vitro NNRTIs strongly inhibited plus-strand initiation. Furthermore, these inhibitors were found to completely abrogate dNTP binding to RT related to RNA PPT primer/DNA template substrate showing a modest decrease in the dNTP affinity for RT associated with the DNA PPT primer/DNA template.
Although NNRTIs are potent and exhibit desirable low toxicity, their efficacy is limited by the emergence of resistant viral strains (Clavel and Hance, 2004; Shafer, 2002) . Resistance is the cause and/or the consequence of treatment failure. It is related to three crucial factors: (a) HIV infection is characterized by a very high replication rate; (b) HIV-1 RT lacks exonucleolytic proof-reading functionality; (c) viral population in an infected person is highly heterogeneous (Perelson et al., 1996; Roberts et al., 1988; Clavel and Hance, 2004) . As a consequence, the production of a mutant at each nucleotide position in the viral genome occurs daily. Thus, monotherapy regimens readily select the mutants in the replicating population that are resistant to the administered drug(s). In addition, since an extensive cross-resistance can be rapidly observed within each class of antiretroviral drugs, the selected drug resistant quasispecies compromise the effectiveness of subsequent HAART regimens (Antinori et al., 2002; Hertogs et al., 2000; Shulman and Winters, 2003) .
Adherence to treatment is another key-factor that can influence the development of NNRTI resistance. In particular, a recent prospective clinical trial showed that the relationship between adherence and resistance is class-specific. For the class of NNRTI, initial virological failure with resistance is more likely at lower level of adherence (Gardner et al., 2010; Paredes et al., 2010) . Thus, this finding supports that low adherence to NNRTI-containing regimens represents a strong contributor to NNRTI resistance development.
Initially, mutations associated with resistance to NNRTIs, both in vitro and in vivo, were all located in the NNRTI binding pocket specifically in the p66 subunit areas (amino acid sequences 98-108, 178-190 and 225-238) (Soriano and de Mendoza, 2002) . The most prevalent substitutions observed in viruses after NNRTI therapeutic failure are K103N and Y181C (Cheung et al., 2004; Tambuyzer et al., 2009 ). On the other hand mutations such as Y318F, placed outside the originally identified domains (Harrigan et al., 2002) , and E138G/K/Q, even when it is present in the p51 subunit only (Jonckheere et al., 1994) , cause resistance to NNRTIs. Over 40 amino acid substitutions have been associated with NNRTI resistance, in vitro and in vivo (Ceccherini-Silberstein et al., 2007; Tambuyzer et al., 2009; Johnson et al., 2009; Stanford HIV Drug Resistance Database) . Recently, other mutations, such as N348I, G333E/D, A360T and A371V, located in the connection domain of the p66 subunit (between the thumb and the RNase H domains) have been observed in NRTI + NNRTI-treated patients (Nikolenko et al., 2007; Santos et al., 2008; Waters et al., 2009 ). In particular, it was observed that HIV-1 susceptibility to nevirapine not efavirenz nor etravirine, was decreased by the presence of mutations in the connection domain (N348I) (Brehm et al., 2009; Gupta et al., 2009; Nikolenko et al., 2010; Vingerhoets et al., 2009) .
As a consequence, NNRTI resistance mutations are directly involved in the binding of the molecules into the pocket, by altering size, shape, and polarity of different parts of the NNRTI-BP or, indirectly, by affecting the access to this binding site. However, some of these substitutions have also been found to influence functionalities of RT other than DNA polymerization. For example, V106A causes a reduction in the rate of RNA 5 -end and DNA 3 -end directed RNaseH cleavage activities (Archer et al., 2000; Gerondelis et al., 1999) , while the Y181C mutation shows rate acceleration of RNaseH cleavage activities (Archer et al., 2000) .
Nevirapine and delavirdine are the first generation NNRTIs approved by the FDA in 1996 and 1997, respectively, while efavirenz, approved in 1998, belongs to the second generation of NNRTI. Presently, the most commonly used drugs for first line HAART treatments are nevirapine and efavirenz. Conversely, delavirdine has never been registered in Europe and therefore not prescribed. They are characterized by a low genetic barrier to resistance development. In current protocols it is necessary their combination with at least two other fully active non-NNRTI antiretroviral drugs, and resistance to one of them precludes successive use of the other first generation NNRTIs (Jochmans et al., 2009) . With the aim to obtain a better resistance profile and an increased genetic barrier, further research was prompted to discover next generation NNRTIs due to their crucial role in HAART protocols. Etravirine was the third generation NNRTI to be approved by the FDA. In contrast to the previous generation NNRTIs, whose efficiency can be compromised by a single mutation causing resistance, etravirine is characterized by a higher genetic barrier to resistance. Thus for this reason, it is also used in treating-experienced patients carrying NNRTI-resistant HIV-1 strains (Tibotec Inc., 2008) . There are currently four next generation NNRTIs in clinical development: rilpivirine, IDX-899, RDEA-428, and lersivirine. Fig. 1 below shows the chemical structures and the binding pockets of the NNRTIs.
Nevirapine (NVP) is a dipyridodiazepinone inhibitor of HIV-1. It was discovered in 1990 (Merluzzi et al., 1990) and it is effective in treating naïve patients when used as part of a fully suppressive regimen (Lange, 2003) . The most commonly selected resistance mutations in vivo are related to RT positions 103, 106, 108, 181, 188 and 190 (Richman et al., 1994; Wainberg, 2003) . Y181 and Y188 play an important role in stabilizing NVP binding through stacking interactions between their aromatic side-chains and the pyridine groups of the inhibitor. Not surprisingly, mutations at residues 181 (i.e. Y181C or Y181I) or 188 (i.e. Y188C, Y188I, Y188L or Y188H) confer high-level resistance to the drug .
Efavirenz (EFV) is a benzoxazinone discovered in 1995 (Young et al., 1995) . It is the most used NNRTI in treating naïve patients in combination with two NRTIs. The most frequently selected mutation in EFV failures is K103N, however other substitutions commonly observed also resulted, such as V108I, P225H or L100I, K101E, K101Q, Y188H, Y188L, G190S, G190A and G190E (Bacheler et al., 2000) . Recently it was co-formulated with tenofovir disoproxil fumarate and emtricitabine in one tablet marketed as Atripla TM (Goicoechea and Best, 2007; Huang et al., 2003) . The contribution of stacking interactions in EFV binding to the viral RT is minimized. Upon binding, it makes direct or water-mediated hydrogen bonds with the protein backbone of K101 and K103 (Ren et al., 2000) .
Etravirine (ETV) belongs to the family of diarylpyrimidine (DAPY) compounds (it was discovered after a long lead optimization step by researchers at the Janssen Research Foundation and Tibotec in 2001) . ETV resistance profile was further evaluated by testing the molecule against thousands of NNRTI resistant HIV-1 clinical strains . In vitro, ETV shows a higher genetic barrier to the development of resistance when compared to NVP and EFV (Vingerhoets et al., 2005) . ETV-RT crystallographic complexes with the K103N mutation allowed for a better understanding of the molecule binding mode to the enzyme. Such a diarylpyrimidine analogue can bind in at least two conformationally distinct modes. Moreover, its torsional flexibility ("wiggling") permits access to numerous conformational variants it can undergo to reposition/reorient itself (translation and rotation) within the pocket ("jiggling") . These conformational adaptations proved critical for potency against wild-types and for a wide range of drug-resistant mutant HIV-1 RTs. ETV was found to be effective against virus containing combinations of frequent drug resistance mutations (K101E/K103N or K103N/Y181C) (Andries et al., 2004) . Several substitutions such as L100I, V179I/F, Y181C, G190E, M230L and Y318F, were observed in ETV-resistant isolates. Clinical studies have shown that high-level resistance to ETV is related to the accumulation of at least two drug resistant mutations. Additionally, a decreased virological response to ETV was observed in the presence of three or more RT DNA polymerase domain baseline substitutions (including V90I, A98G, L100I, K101E, K101P, V106I, V179D, V179F, Y181C, Y181I, Y181V, G190A and G190S) (Vingerhoets et al., 2007) . Single mutations resulted associated with a reduced number of ETV alternate binding configurations since the drug can accommodate into the NNRTI-BP (likely due to its high flexibility/conformation freedom). These observations support the finding that ETV resistance requires multiple mutations. The most common substitutions associated to NNRTIs resistance are represented in Fig. 2 . Since the complex network of factors contributing to NNRTI resistance have not yet been completely elucidated, it is conceivable that more mutations (and association of mutations) Fig. 2. (a) Cartoon representation of the X-ray dimeric structure of HIV-1 RT complexed to NVP (PDB 1VRT) . Each subdomain of the p66 subunit is indicated. Table 1 List of mutations in the RT gene associated with resistance to NNRTIs (Stanford HIV database; Johnson et al., 2009; Llibre et al., 2010) . Major mutations are reported in bold.   90  98  100  101  103  106  108  138  179  181  188  189  190  221  225  227  230  234  238 318
than currently known, are involved in therapeutic failure. Several studies have contributed to our current knowledge of the RT drug-related variants and of the enzyme conserved regions mainly involved in proper dimerization and polymerase function (Ceccherini-Silberstein et al., 2005) . In a recent publication (Alcaro et al., 2010) , our innovative computational approach GBPM (Ortuso et al., 2006) was applied to RT in order to design new pharmacophoric models helpful in the drug discovery of more effective anti-RT inhibitors with more favorable resistance profiles. Consequently, the elucidation of the molecular recognition of certain currently approved NNRTIs, in the presence of known mutations responsible for resistance, is critical for the development of superior inhibitors.
The present review will discuss advances in our knowledge of the pathways involved in drug resistance-associated mutations, updates on RT and inhibitors used in HAART protocols, and molecular observations useful for the design of new leads. A particular focus will be on [RT·NNRTI] crystallographic models in order to better rationalize the structural aspects related to therapeutic failure.
Clinical and structural aspects of NNRTI resistance
NNRTIs are an important class of antiretroviral agents used for the treatment of HIV-1 infection. These agents (in particular EFV) have become a preferred therapy option for the treatment of drug-naïve patients and have gained increased popularity over protease inhibitor-based antiretroviral therapy. Nevertheless, the first and second generation NNRTI (NVP and EFV) are particularly susceptible to the development of resistance. In particular, different clinical trials showed that the incidence of NNRTI mutations, in patients failing initial antiretroviral regimens with EFV, is roughly 50% (Gallant et al., 2004; Gulick et al., 2007; Riddler et al., 2008) .
A different scenario is observed for the last generation NNRTI ETV characterized by a higher genetic barrier than older NNRTIs (Llibre et al., 2008) . Analyses from the DUET studies have identified 17 mutations (E138A, V90I, A98G, L100I, K101E, K101P, K101H, M230L, V106I, V179D, V179F, V179T, Y181C, Y181I, Y181V, G190A, G190S) correlated with a decreased virological response to ETV. The presence of 3 or more mutations are required to drastically affect virological response to this drug (Vingerhoets et al., 2008; Cohen et al., 2009) . Conversely, ETV has been shown to retain full activity against K103N which is one of the most common NNRTI resistance mutations detected (Table 1) (Andries et al., 2004) . Of note, Y181I is a natural polymorphism in HIV-2, that could confer an intrinsic resistance to ETV.
A unique characteristic of NNRTI resistance mutants is their limited impact on HIV-1 replication capacity. Indeed, different studies have shown that the majority of NNRTI resistance mutations, including K103N, L100I, V197D, and Y181C/I, do not severely impair viral fitness (Gerondelis et al., 1999; Huang et al., 2002; Collins et al., 2004; Gatanaga et al., 2006; Archer et al., 2000; Antinori et al., 2001) .
The limited impact on viral replication allows NNRTI resistance mutations to persist in predominant circulating viral strains both in drug-naïve patients and in patients that interrupted antiretroviral regimen. Indeed, NNRTI resistance mutations are the most common resistance mutations detected in drug-naïve patients, and have been shown to hamper the achievement of virologial success of a first line NNRTI containing regimen (Kuritzkes et al., 2008) . Similarly, it has been shown that NNRTI resistant mutations K103N, Y181C/I, and G190A persist (up to 7 years as reported for K103N) in two-thirds of patients who interrupted therapy with NNRTIs (Joly et al., 2004; Capetti et al., 2005; Gianotti et al., 2005) .
Another clinically relevant topic is represented by the impact of minority variants resistant to NNRTI on virological response to the first line of antiretroviral regimens. The detection of preexisting minority Y181C variants significantly increased the risk of failure of an initial EFV-based regimen in patients with optimal compliance with ART. Conversely, other studies showed no association between the presence of minority NNRTI variants and virological failure on early therapy (Metzner et al., 2007; Metzner et al., 2009; Peuchant et al., 2008) . The discrepant results obtained by these studies could be explained by the different quantity of detected minority resistant variants. At this regard, Goodman and his group have recently defined the threshold quantity of K103N minority resistant variants above that in which patients fail the NNRTI containing therapy (Goodman et al., 2009) . By multiplying the proportion of virus with K103N in RT and the viral load, a threshold of >2000 copies/ml of drug-resistance mutations has been correlated with an increased risk of viral failure to an EFV-containing regimen. Thus, this finding highlights the importance to establish a cut-off below which the risk of failure declines.
We analyzed [NVP·RT] , [EFV·RT] and [ETV·RT] complexes, selecting the crystallographic PDB structures with the code 1VRT (resolution 2.20Å), 1IKW (Lindberg et al., 2002 ) (resolution 3.00Å) and 1SV5 , respectively.
Represented in Fig. 1 , is the binding pocket of the X-ray structure of the three approved NNRTIs with the RT residues mainly involved in drug interactions. A detailed list of the interacting amino acids is reported in Table 2 . Structural studies comparing a series of NNRTIs having widely variant inhibitory potencies have shown significant conformational differences in the inhibitor pocket (Hopkins et al., 1996) . In particular Y181 and Y188 are known to largely contribute to drug stabilization through hydrophobic contacts. , 1IKW (Lindberg et al., 2002) and 1SV5 ).
a a a a a and b indicate, respectively, p66 and p51 RT subunits pertinent to the specified residues establishing nonbonded contacts. b The asterisks point out hydrogen bonds. c The residue is reported as in the WT sequence.
Specifically, these tyrosine residues, involved in aromatic ring stacking interactions with first generation NNRTIs, are crucial since single mutation is related to a drastic reduction in inhibitor binding affinity (Ren et al., 2001) . In contrast, amino acids K101 and K103, located at the NNRTI-BP entry, play a crucial role in hydrophilic interactions. Thus, substitutions at K103N and K101E cause strong resistance to multiple NNRTIs including the first generation NNRTI NVP (D'Aquila et al., 2002; Ren et al., 2007) . Several crystallographic studies have shown that NVP binds close to the ␤-hairpin between strands 9 and 10 in the palm subdomain of p66 that contains the highly conserved YMDD motif. The drug binding pocket is constituted by the central 6, 9 and 10 strands and residues F227 to P236 located in strands 12-14 and Y319 placed at the C-terminus of ␤-strand 15. Amino acids L100-K103, V179 and S191 of the p66 subunit and E138 of the p51 subunit form a solvent-accessible entrance to the cavity . NVP can establish more than 30 protein interactions. In particular, enzyme-inhibitor interaction is primarily stabilized through hydrophobic interactions among -electron donor groups of the ligand and aromatic side chain residues of the binding pocket (Y181, Y188) or within the side chains of L100, V106 and V179 (Campiani et al., 2002) . Moreover, NVP accommodation of the WT complex results in a well stabilized interaction with G190 located in the binding pocket ␤-sheet and found to be essential for interactions with the drug (Paolucci et al., 2007) . In addition, drug-specific electrostatic attractions contribute to the final strength of binding. Also in the WT [EFV·RT] complex, many of the inhibitor's interactions with the enzyme involve a series of hydrophobic interactions. Specifically the cyclopropyl-propynyl group is surrounded by the aromatic side chains of Y181, Y188, F227 and W229. The benzoxazin-2-one ring is located between the side chains of L100 and V106 and can participate edge-on with Y318 and V179 while with its nitrogen, can establish a van der Waals interaction with the side chain of K103 (Ren et al., 2000) . Comparing the crystallographic structures of WT and K103N RTs complexed to EFV (Lindberg et al., 2002) , the mutation K103N was found to have minimal influence on the bound conformation of an inhibitor. However, several studies have shown that in the absence of a NNRTI, a hydrogen bond between Y188 and N103 closes the entrance to the NNRTI binding pocket, efficiently reducing its access to multiple NNRTIs (Hsiou et al., 2001; Ren et al., 2000; Lindberg et al., 2002) and stabilizing the enzyme unbound state (Hsiou et al., 2001; Rodriguez-Barrios and Gago, 2004) .
Interestingly a recent computational method was performed to study the interactions between EFV and residues in the binding pocket for WT HIV-1 RT (Nunrium et al., 2005) . The results showed a net attractive interaction between EFV and surrounding residues while lysine at position 101 demonstrated a stronger interaction than others. This contact plays an important role in the stability of the inhibitor and strengthens the inhibitory affinity of EFV over other NNRTIs. It was found that the small loss of binding to the K103N mutant by EFV can be addressed to a slightly weakened attractive interaction between the drug and K101 residue (Srivab and Hannongbua, 2008) .
The difficulty of generating co-crystal structures of RT with ETV has been reported several times Das et al., 2008; Bauman et al., 2008) . However, in a recent publication new X-ray crystallographic structures of WT and K103N have been solved and deposited in the PDB with codes 3MEC and 3MED, respectively (Lansdon et al., 2010) . ETV was shown to be involved in key interactions with L100, V106, V179, P225, L234, P236 and Y318 residues of the NNRTI-BP. Moreover, the p-cyano group of the diarylpyrimidine is located in a hydrophobic area between F227 and W229 side chains, while its secondary amine can establish a hydrogen bond with K101.
In both analyzed K103N models (PDB 1SV5 and 3MED) ETV was found to also interact with E138 of the p51 subunit; such a contact was missing with first generation NNRTIs. E138 is the only residue of the p51 subunit that interacts with NNRTIs even if it does not directly interact with all inhibitors. Such a residue is part of the ␤7-␤8 loop in HIV-1 RT and is a highly conserved amino acid sequence which the pyrimidine core found near E138. Mutagenesis analyses highlighted the pivotal structural and functional roles of E138 in NNRTI-BP stabilization as much as its mutation significantly reduced viral infectivity (Pandey et al., 2002) . In particular E138R was recently identified as a novel substitution and it was found related to a negative effect on ETV binding due to the longer basic side chain (Azijn et al., 2010) .
All 3D figures were performed using PyMOL graphics and modeling package ver 0.99 (DeLano, 2002) . The contact analysis of the drugs with the interacting RT residues in the studied crystallographic complexes was carried out by the Maestro GUI interface of MacroModel ver 7.2 (Schrödinger Inc., 1998 Mohamadi et al., 1990) .
Concluding remarks
In conclusion, the first generation NNRTIs nevirapine and efavirenz remain a cornerstone of first line HAART. With etravirine approval, a shift in treatment paradigms has been observed since for the first time a non-nucleoside inhibitor shows durable effectiveness in patients with NNRTI resistant HIV-1 infection. NNRTI resistant mutations have been shown to be directly involved in the binding of the drugs in the pocket, by altering size, shape and polarity of different parts of the NNRTI-BP or, indirectly, by preventing the access to the pocket. However, some of the most significant substitutions have also been found to influence functionalities of RT other than DNA polymerization. This review describes in detail the effects of clinically relevant mutations associated to the failure of the approved NNRTIs, particularly emphasizing on the most frequent K103N. Promising results show that next generation NNRTIs, such as rilpivirine, which is studied in treating naïve patients, have an increased genetic barrier to the development of resistance and have a convenient dosing schedule with potential for co-formulation with other antiretroviral drugs.
